Abstract-Feature-tracking explanations of 2D motion perception are fundamentally distinct from motion-energy, correlation, and gradient explanations, all of which can be implemented by applying spatiotemporal lters to raw image data. Filter-based explanations usually suffer from the aperture problem, but 2D motion predictions for moving plaids have been derived from the intersection of constraints (IOC) imposed by the outputs of such lters, and from the vector sum of signals generated by such lters. In most previous experiments, feature-tracking and IOC predictions are indistinguishable. By constructing plaids in apparent motion from missing-fundamental gratings, we set feature-tracking predictions in opposition to both IOC and vector-sum predictions. The perceived directions that result are inconsistent with feature tracking. Furthermore, we show that increasing size and spatial frequency in Type 2 missing-fundamental plaids drives perceived direction from vectorsum toward IOC directions. This reproduces results that have been used to support feature-tracking, but under experimental conditions that rule it out. We discuss our data in the context of a Bayesian model with a gradient-basedlikelihood and a prior favoring slow speeds. We conclude that lter-based explanations alone can explain both veridical and non-veridical 2D motion perception in such stimuli.
INTRODUCTION
Two fundamentally different approaches have been invoked to explain the visual perception of two-dimensional (2D) motion. Feature-tracking explanations (Ull-¤ Experiment 1 was reported in a poster presentation at the 2000 Annual Meeting of the Association for Research in Vision and Ophthalmology, Ft. Lauderdale, FL, USA (Cobo-Lewis and Smallwood, 2000) .
† To whom correspondence should be addressed at the InterdisciplinaryStudies Program, University of Maine, 5773 South Stevens Hall, Orono, ME 04469-5773, USA. E-mail: alanc@maine.edu man, 1979; Braddick, 1980; Anstis, 1980) assert that the visual system tracks an image's features across space and time. There is a lack of agreement on what features comprise, but they are usually taken as localized higher-level representations of the image. The most obvious features in our stimuli are 'blobs', the local luminance peaks and troughs in our 2D spatial patterns. Feature-tracking explanations can be contrasted with models based on spatiotemporal lters, which include motionenergy (e.g. Albright, 1984; Adelson and Bergen, 1985; Watson and Ahumada, 1985; Heeger, 1987; Grzywacz and Yuille, 1990; Smith and Grzywacz, 1993) , correlation (e.g. Reichardt, 1961; van Santen and Sperling, 1984) , and gradient (e.g. Koch et al., 1989; Johnston et al., 1992; Young and Lesperance, 1993) models, all of which are closely related (van Santen and Sperling, 1985; Adelson and Bergen, 1986; Simoncelli, 1993) . Filter-based models are consistent with known properties of motion-sensitive neurons early in the cortical visual pathway (Hubel and Wiesel, 1959 , 1962 , 1968 Schiller et al., 1976; De Valois et al., 1982) , and such neurons are often regarded as extracting spatiotemporal Fourier components. Filter-based models all generally conform to the Motion From Fourier Components (MFFC) Principle (Chubb and Sperling, 1988) . They derive motion estimates prior to form processing and without extracting perceptual features. For an important class of stimuli, we set the predictions of feature-tracking and lter-based models in opposition, and resolve the issue in favor of lter-based models.
Neurons in early visual cortex are selective for both orientation and direction (Hubel and Wiesel, 1959 , 1962 , 1968 Schiller et al., 1976; De Valois et al., 1982) . Such neurons suffer from an inherent ambiguity: each one signals the component of motion orthogonal to its preferred orientation, but is blind to any component of motion parallel to its preferred orientation. For example, a nominally downwardselective neuron that is also selective for horizontal orientations might respond identically to a horizontal grating moving 1 deg/ s downward as to one moving 1.414 deg/ s toward the lower right. Thus, the information provided by a neuron in early visual cortex cannot specify a 2D motion vector, but can only constrain the solution to a 1D sub-space. This signal ambiguity is known as the aperture problem.
The intersection-of-constraints (IOC) model (Adelson and Movshon, 1982 ) offers a solution to the aperture problem. It proposes that the visual system computes 2D motion direction by nding where the 1D sub-space consistent with a neuron's response intersects with the 1D sub-space consistent with the response of another neuron whose preferred orientation is different. The vector-sum model offers another solution to the aperture problem. It proposes that the visual system computes 2D motion direction by nding the vector sum of vectors normal to the 1D sub-spaces consistent with the neurons' responses (Fig. 1) .
Previous studies have had dif culty distinguishing between IOC and featuretracking predictions, because in most stimuli, the features move in the same direction as the IOC prediction. This dif culty arises from the IOC model's motivation: it was designed to explain how veridical motion perception (i.e. motion perception in
